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Abstract—The emerging fifth-generation (5G) wireless commu-
nication system is expected to provide higher capacity, seamless
connectivity and reduced energy consumption to support data
intensive multimedia applications. Simultaneous wireless infor-
mation and power transfer (SWIPT) in heterogeneous cellular
networks (HCNs) is a promising approach to offer efficient
spectrum and energy utilization in the 5G system. In this
paper, we develop a tractable model for joint uplink (UL) and
downlink (DL) transmission in a K-tier HCN with SWIPT. We
use the power splitting (PS) protocol where the receiver splits
the received signal power in two parts for energy harvesting
and information decoding. The harvested energy in the DL is
utilized for UL information transmission. We derive the exact
analytical expressions for the average received power and the
outage probability for both DL and UL for the system design.
Monte carlo simulations confirm the accuracy of the derived
results, and numerical analysis reveal that SWIPT is a reasonably
efficient technique to power the cellular users. In particular,
we observe that with the increase of the picocell density, both
the DL and the UL outage probability in macrocell decreases
significantly. Moreover, the DL and the UL outage probability
in a tier is shown to decrease with the increase of BS transmit
power of its own tier.
Index Terms—SWIPT, energy harvesting, K-tier HCNs,
stochastic geometry, outage probability
I. INTRODUCTION
The upsurge in the demand of multimedia applications, such
as social networking and video calls, along with the emerging
future applications, such as smart cities, health monitoring
devices and driverless cars, future wireless networks will
require much higher capacity. This explosive traffic growth,
in turn, leads to fast energy consumption, and induces new
mechanisms of energy control and reduction. HCNs featuring
planned BSs, overlaid with micro, pico and femto BSs, can
provide substantial gains in throughput and user-experience as
compared to the conventional homogeneous networks [1–3].
Whereas radio frequency wireless power transfer (RF-WPT)
is an emerging technology that enables the wireless devices
to harvest energy from the RF signals for their information
processing and transmission [4].
Lately, SWIPT has emerged as a novel research direction for
decoding information and harvesting energy simultaneously
from the same waveform. The concept of SWIPT was first
presented from an information theoretic viewpoint to charac-
terize the fundamental tradeoff between the transferred power
and the information rate over the same channel [5, 6]. The
advanced applications of SWIPT were explored for the com-
plex systems, including broadcast channels [7], and relaying
networks [8]. Recharging mobiles and sensors via WPT for
multi-cell wireless powered communication network (WPCN)
was studied in [9], where the power beacons were deployed
to power the mobiles for the UL information transmission.
In the HCNs, each tier differs in the transmit power of BSs,
the path loss exponents, the spatial density and the SINR
targets, so the practical cellular infrastructure deviates from
the recognized regular hexagonal grid topology. Modelling
and analysis of cellular networks using stochastic geometry
provide tractable yet accurate performance bounds for multi-
tier cellular networks [10]. In [11], modelling a K-tier HCN as
Poisson point process (PPP) has been validated to be about as
accurate as the idealized grid model for the coverage results. A
crucial factor in modelling the HCNs is cell association which
needs to be taken into account carefully. Therefore, different
cell association schemes have been proposed, where the cell
association in [11] and [12] are based on highest instantaneous
SINR, and the maximum averaged biased-received-power,
respectively. The existing research is mostly inclined towards
the DL cell association with the only exclusions in [13, 14]. In
[13], the UL association is based on the nearest BS amongst
all tiers, while in [14], the DL and the UL association is
performed by considering DL capacity and mobile UL power
consumption respectively.
The main contributions of this work are summarized as
follows:
• The analytical modeling of the HCN with SWIPT is
presented based on stochastic geometry for efficient spec-
trum and energy utilization. We derive the analytical ex-
pressions for the average received power, the DL outage
probability and the UL outage probability to provide
useful guidelines for the system design. We use the
nearest BS cell association for the DL where the user
connects to the BS with lowest path loss, hence effective
for harvesting energy for the efficient UL information
transmission. We assume the user remains connected to
the same BS in the UL, as in the DL.
• We study the effects of picocell BSs density, and BS
transmit power on the DL and the UL outage probability.
In particular, substantial improvement in the DL and the
UL outage probability in the macrocell is observed with
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the increase of picocell BS density. Moreover, increasing
the BS transmit power of a tier also results in decreased
DL and UL outage in its own tier.
The rest of the paper is organized as follows. In Section
II we present the system model for SWIPT in HCNs. In
Section III, we derive per tier association probability, and the
DL average received power. We then evaluate the network
performance in terms of the DL and the UL outage probability
in Section IV. Finally, the numerical results are discussed in
Section V before the paper is concluded in Section VI.
II. SYSTEM DESCRIPTION
We model a K-tier HCN, where the BSs in each tier are
spatially distributed in R2 as a homogenous Poisson point
process (HPPP) Φj with density λj, where j = 1, · · · ,K is the
index of the K tiers. We denote ’k’ as the tier with which a
typical user is associated. The mobile users are also modelled
by an independent HPPP ΦU with density λu. We assume
that the density of users is high enough that each BS serves
single user per channel. For simplicity, full frequency reuse
scenario is considered. We consider Rayleigh fading model
and the channel coefficients are assumed to be independent
and identically distributed . For each tier we assume different
path loss exponent as `j{j=1,··· ,K}.
A. Transmission Block Structure
Fig. 1 depicts the transmission block structure, we assume
the transmission block time as T = 1, of which a fraction
of the block time αT (0 ≤ α ≤ 1), is used for the DL
information transmission and the wireless power transfer, and
the remaining portion (1−α)T is used for the UL information
transmission by using all the harvested energy from the first
αT time.
We adopt the power splitting protocol in which the receiver
splits the received power for harvesting energy and decoding
the DL information. Assuming Pru0,k as the received power at
the typical user in the kth tier, a fraction of the received power
ρPru0,k (0 ≤ ρ ≤ 1) is used for harvesting energy, while the
remaining (1 − ρ)Pru0,k is used for decoding information in
the DL.
B. Cell Association
We consider the nearest BS association rule in the DL
transmission of HCNs, where a typical user is associated to
the BS with the shortest distance. Therefore, for a typical user
u0 at the origin, the location of the serving BS in the kth tier,
denoted as xk̂, is given as
xk̂ = argmin{x∈Φk}k∈1,··· ,K
‖x‖.
In the UL information transmission, a typical user transmits
information to the same serving BS.
C. Wireless Power Transfer
We assume the mobile user has a large storage mobile
battery which stores the fraction of the received power ρP in
the first αT time to ensure reliable UL transmission power in
the remaining (1−α)T time. To avoid the singularity caused
by proximity between BSs and mobile users, a short range
propagation model is used to ensure that the power received
at the mobile user is finite [9].
The received power of a typical user u0 at the origin in the
kth tier can be written as
Pru0,k = Pt,bk̂
∣∣∣hb
k̂
u0
∣∣∣2L0(max{∥∥∥xb
k̂
∥∥∥ , d})−`k︸ ︷︷ ︸
Ib
k̂
+
K∑
j=1
∑
bj∈Φj\bk̂
Pt,bj
∣∣hbju0 ∣∣2L0(max{∥∥xbju0∥∥ , d})−`j︸ ︷︷ ︸
Ibx
, (1)
where L0 is the path loss at a reference distance of 1 m,
d ≥ 1 is a constant, bk̂ is the serving BS at xk, hbk̂u0 is the
small-scale fading channel coefficient from the serving BS to
a typical user, and hbju0 is the small-scale fading interfering
channel coefficient from the BS at a location xj to a typical
user. All the channels are assumed to experience Rayleigh
fading with unit mean from the serving/ interfering BSs.
The harvested energy at a typical user in the kth tier in the
first αT time is Ekh = ηρE
{
Pru0,k
}
αT, where 0 < η < 1 is
the energy conversion efficiency.
D. Downlink Information Transmission
In the DL information transmission, the fraction of the
received power (1 − ρ)Pru0,k at the mobile user is used
for decoding information in the αT time. The signal-to-
interference-plus-noise ratio (SINR) of the DL information
transmission is given by
SINRDLk =
(1− ρ)Pt,b
k̂
∣∣∣hb
k̂
u0
∣∣∣2L0∥∥∥xb
k̂
∥∥∥−`k
(1− ρ)
K∑
j=1
∑
bj∈Φj\bk̂
Pt,bj
∣∣hbju0 ∣∣2L0∥∥xbju0∥∥−`j + σ2 , (2)
where σ2 is the noise power at the user.
E. Uplink Information Transmission
We assume that the users keep associated with the serv-
ing BSs that powered them in the first αT time, and use
the harvested energy to transmit the UL information in the
(1−α)T time. The UL transmit power for the typical user in
the kth tier is defined as Ptu0 ,k =
Ekh
(1−α)T . We the help of the
Slivnyak’s theorem [10], we characterize the SINR of the UL
transmission for a typical BS at the origin, which is given by
SINRULk =
φE{Pru0 ,k}
∣∣∣hu0,bk̂ ∣∣∣2L0∥∥∥xu0,bk̂∥∥∥−`k
K∑
j=1
∑
uj∈Φ˜j\u0
φE{Pruj ,j}
∣∣∣huj ,bk̂ ∣∣∣2L0∥∥∥xuj ,bk̂∥∥∥−`j + δ2 , (3)
where φ = ηρα(1−α) , hu0,bk̂ is the small-scale fading channel
coefficient from the user u0 to its serving typical BS, huj ,bk̂
is the small-scale fading interfering channel coefficient from
the user uj to a typical BS, Φ˜j represents the interfering users
in the jth tier, and δ2 is the noise power at the BS.
III. EXACT ANALYSIS OF DOWNLINK POWER TRANSFER
In this section, we derive the analytical expression for the
average received power of a typical user.
A. Nearest BS Cell Association
In order to facilitate the analysis, we first write the per tier
association probability, and the PDF of distance between the
typical user and the nearest serving kth tier BS for nearest BS
is given by [12].
The probability that a typical MU is associated with the kth
tier BS is
Λk =
(
1 +
∑K
j=1,j 6=k λj
λk
)−1
. (4)
The PDF of the distance between a typical user and its
serving BS in the kth tier is derived as
f∥∥∥∥xb
k̂
∥∥∥∥(x) = 2κx exp{−κx
2}, (5)
where
κ =pi
K∑
j=1
λj . (6)
B. Average Received Power
In the DL HCN, we assume that the mobiles have large
energy storage capacity, thus the active mobiles can transmit
with reliable transmission power in the UL. To determine the
transmit power of a typical user in the kth tier φE
{
Pru0 ,k
}
,
we first derive the average received power at a typical user in the kth
tier in the following theorem.
Theorem 1. The average received power at the typical user in the
kth tier is given by
E
{
Pru0 ,k
}
=Pt,b
k̂
L0
[[
d−`k
(
1− exp(−κd2)
)]
+
[
κ
`k
4 d−
`k
2 exp
(
−1
2
κd2
)
W−`k
2
, 1
2
(
1− `k
2
)(κd2)]]+ 2piL0 K∑
j=1
Pt,bjλj
[[ `jd2
2d`j (`j − 2)
(
1− exp(−κx2)
)]
−
[
1
2d`j (κ)
γ (2, κ)
]
+
[
pi
(∑K
j=1 λj
) 3`j−2
4
(`j − 2)
d−
`j
2
+1 exp
(
−1
2
κx2
)
W
`j−2
4
, 1
2
(
− `j
2
)(κd2)]], (7)
where κ is given in (6), Wλ,µ(z) is Whittaker function [15],
and γ(a, x) is lower incomplete gamma function [15].
Proof: From (1), we first derive the expectation of Ib
k̂
as
E{Ib
k̂
} = E
{
Pt,b
k̂
|hb
k̂
|2Lo
(
max
{∥∥∥xb
k̂
∥∥∥ , d})−`k}
(a)
= Pt,b
k̂
Lo
∫ d
0
d−`kf∥∥∥∥xb
k̂
∥∥∥∥(x)dx+
∫ ∞
d
x−`kf∥∥∥∥xb
k̂
∥∥∥∥(x)dx
 ,
(8)
where (a) follows from the fact that |hb
k̂
|2 ∼ exp(1). Substi-
tuting the PDF of
∥∥∥xb
k̂
∥∥∥into (8), and simplifying the resulting
equation using [15, eq. 3.381.1] and [15, eq. 3.381.6], we
derive E[Ib
k̂
]. Further, the expectation of Ibx is derived as
E{Ibx} =
K∑
j=1
Eh
{
Pt,bjL0|hbju0 |2
}
Ex
{
EΦj
{ ∑
bj∈Φj\bk̂(
max
{∥∥xbjuo∥∥ , d})−`j}}. (9)
The interfering BSs need to be located outside a disc of a
radius rmin =
∥∥∥xb
k̂
∥∥∥to satisfy the nearest BS cell association.
Applying the Campbell’s Theorem [16] to (9), and utilizing
the fact that |hbju0 |2 ∼ exp(1), we derive
E{Ibx} =
K∑
j=1
2piPt,bjLoλj
[ ∞∫
0
[ ∞∫
rmin
(max{x0, d})−`j rdr
]
f∥∥∥∥xb
k̂
∥∥∥∥(x)dx
]
. (10)
Substituting the PDF of
∥∥∥xb
k̂
∥∥∥ from (5) into (10), and solving
the resulting equation by using [15, eq. 3.381.1] and [15,
eq. 3.381.6], we obtain E{Ibx}. Combining the equations of
E{Ibx}and E{Ibk̂}, we derive (7).
IV. PERFORMANCE EVALUATIONS: EXACT ANALYSIS
The performance of the DL and the UL transmission of the HCN
is characterized by the outage probability, which is equivalent to
the cumulative distribution function (CDF) of SINR for a randomly
selected user in the network.
A. Downlink Outage Probability
The DL outage probability in the HCNs is given by
PDLout =
K∑
k=1
ΛDLk P
DL
out,k, (11)
where ΛDLk is the probability that a typical user is associated
to the kth tier, which is given as in Lemma 1, and PDLout,k is
the DL outage probability of a typical user associated with
kth tier in the downlink. For a target SINR β and a typical
user at a distance
∥∥∥xb
k̂
,u0
∥∥∥from its associated BS, the outage
probability for the DL is defined as
PDLout,k (Rs)
=E∥∥∥∥xb
k̂
,u0
∥∥∥∥
{
Pr
(
α ln
(
1 + SINRDLk
(∥∥∥xb
k̂
,u0
∥∥∥)) ≤ Rs)}
=E∥∥∥∥xb
k̂
,u0
∥∥∥∥
{
Pr
(
SINRDLk
(∥∥∥xb
k̂
,u0
∥∥∥) ≤ β)} , (12)
where Rs is the rate threshold, and
β = eRs/α − 1 (13)
Theorem 2. The downlink outage probability of a typical user
associated with the kth tier is derived as
PDLout,k (Rs) =1− 2κ
∞∫
0
x exp
{
− σ2βΩDLk
∥∥∥xb
k̂
,u0
∥∥∥`k
− κ
(
ϑj − x2
)}
dx, (14)
where
ϑj =f
2/`j
j,k
∞∫
f−2/`j x2
1
1 + z`j/2
dz, (15)
ΩDLk =
(
(1− ρ)Pt,b
k̂
L0
)−1
, (16)
fj,k =β(Pt,bj/Pt,bk̂ )x
`k , (17)
β and κ are given in (13) and (6), respectively.
Proof: We express (12) in terms of complementary cu-
mulative distribution function (CCDF) of SINRDLk as
PDLout,k (Rs) = E∥∥∥∥xb
k̂
,u0
∥∥∥∥
{
1−
[
Pr
(
SINRDLk
(∥∥∥xb
k̂
,u0
∥∥∥) > β)]}.
(18)
Substituting SINRDLk from (2) into (18), we express
PDLout,k (Rs) =1−
∞∫
0
Pr

∣∣∣hb
k̂
,u0
∣∣∣2∥∥∥xb
k̂
,u0
∥∥∥−`k
(IDLbxj
+ σ2)ΩDLk
> β

f∥∥∥∥xb
k̂
,u0
∥∥∥∥(x)dx, (19)
where ΩDLk is given in (16), IDLbx =
K∑
j=1
IDLbj , and I
DL
bj
=∑
bj∈Φj\bk̂
(1− ρ)Pt,bj
∣∣hbj ,u0 ∣∣2L0∥∥xbj ,u0∥∥−`j .
In (19), the CCDF of a typical user at a distance x from
its associated BS in kth tier is given as
Pr

∣∣∣hb
k̂
,uo
∣∣∣2∥∥∥xb
k̂
,uo
∥∥∥−`k
(IDLbx + σ
2)ΩDLk
> β

=EIbx
{
Pr
[∣∣∣hb
k̂
,uo
∣∣∣2 > (IDLbx + σ2)βΩDLk ∥∥∥xbk̂,uo∥∥∥−`k] ∣∣IDLbx }
(a)
=
∞∫
0
exp
{
−
(
ΩDL + σ2
)
βΩDLk
∥∥∥xb
k̂
,uo
∥∥∥−`k}
dPr
(
IDLbx ≤ ΩDL
)
(b)
= exp
{
−σ2βΩDLk
∥∥∥xb
k̂
,uo
∥∥∥`k}LIDL
bx
(
βΩDLk
∥∥∥xb
k̂
,u0
∥∥∥−`k) ,
(20)
where (a) follows from the fact that |hb
k̂
u0 |2 ∼ exp(1), and (b)
follows from the definition of Laplace transform. Using gen-
erating functional of HPPP in [16] and LIbx (s) =
K∏
j=1
LIbj (s),
we derive
LIDL
bx
(s)
(a)
= exp
{
2κ
∞∫
x
(
1− Eh
{− s(1− ρ)Pt,bj
∣∣hbj ,u0 ∣∣2L0∥∥xbj ,u0∥∥−`j})ydy}
(b)
= exp
{
2κ
∞∫
x
(
1− 1
1 + fj,ky−`j
)
ydy
}
, (21)
where the integration limits in (a) follows from the fact that
the nearest interferer in jth tier is at least at rmin = x, and
(b) follows from the fact that |hbju0 |2 ∼ exp(1). fj,k, κ and
ϑj are given in (17), (6) and (15), respectively. Simplifying
(21) by employing change of variables z = f−2/`jj,k y2 and
substituting into (20), we derive
Pr
(
SINRDLk
(∥∥∥xb
k̂
,u0
∥∥∥) > β) = exp{− σ2βΩDLk ∥∥∥xbk̂,uo∥∥∥`k−
κϑj
}
, (22)
Plugging (22) and (5) into (18), we obtain Theorem 2.
B. Uplink Outage Probability
The UL outage probability in the HCNs is given by
PULout =
K∑
k=1
ΛULk P
UL
out,k, (23)
where ΛULk is the probability that a typical user is associated
to the kth tier in (4), and PULout,k is the UL outage probability
of a typical user associated with kth tier. For a typical user at
a distance
∥∥xu0,bk̂∥∥ from its associated BS and a target SINR
β, the UL outage probability is defined as
PULout,k (Rs)
= E∥∥∥∥xb
k̂
,u0
∥∥∥∥
[
Pr
(
(1− α)ln
(
1 + SINRULk
(∥∥∥xb
k̂
,u0
∥∥∥)) ≤ Rs)]
= E∥∥∥∥xb
k̂
,u0
∥∥∥∥
[
Pr
(
SINRULk
(∥∥∥xb
k̂
,u0
∥∥∥) ≤ ∆)] . (24)
λ2
10
-3
10
-2
10
-1
10
0
A
v
e
ra
g
e
 R
e
c
e
iv
e
d
 P
o
w
e
r 
(m
W
)
0
1
2
3
4
5
6
7
8
9
10
Simu. P
BS
1
= 46 dBm, P
BS
2
= 30 dBm
Simu. P
BS
1
= 46 dBm, P
BS
2
= 37 dBm
Simu. P
BS
1
= 53 dBm, P
BS
2
= 30 dBm
Exact Analysis
Tier 1
Tier 2
Fig. 2. Average Received Power in a two-tier HCN with parameters `1 =
3.8, `2 = 3.5
where
∆ = eRs/(1−α) − 1 (25)
Theorem 3. The UL outage probability of a typical user
associated with the kth tier is derived as
PULout,k (Rs) =1− 2κ
∞∫
0
x exp
{
−δ2∆ΩULk x`k−
K∑
j=1
(
ζULk,j x
2`k
`j ∆
2
`j + piλjx
2
)}
dx, (26)
where
ΩULk =
(
φE{Pru0 ,k}L0
)−1
, (27)
ζULk,j = piλj
E
{
Pruj ,j
}
E
{
Pru0 ,k
}

2
`j
Γ
(
1 +
2
`j
)
Γ
(
1− 2
`j
)
, (28)
∆ and κ are given in (25) and (6), respectively.
Proof: The proof follows the same steps as of Theorem
2.
V. NUMERICAL RESULTS
In this section, we use the derived expressions of the average
received power, and the DL and the UL outage probability
to evaluate system performance. The analytical results are
validated by Monte Carlo simulations where BSs are deployed
accroding to the presented model, and the user is fixed at the
origin. For all the numerical analysis, the path loss is taken
as L0 = −38.5 dB at 1 meter, thermal noise at the user is
taken as σ2 = −104 dB, and thermal noise at the BS is taken
as δ2 = −104 dB for 10 MHz bandwidth. In all the figures,
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red lines represent the macrocell, green lines represent the
picocell, and blue lines represent the overall network.
In Fig. 2 we plot the average received power at the typical
user versus the density of picocell λ2 for various transmit
powers at each BS. We observe the increase in the average
received power of the user with increased λ2. With the large
number of picocell BSs, the harvested energy would be more
which leads to increased average received power. We also
observe that the average received power of the user in each
tier increases with the increase in the BS transmit power.
Fig. 3 examines the effect of picocell BS density λ2 and
BS transmit power of each tier on the DL outage probability.
It can be observed that with the increase of λ2, the DL
outage probability of a typical user decreases in both the tiers.
Surprisingly, irrespective of the decrease in the outage in both
the tiers, the increase in λ2 seems to have approximately no
impact on the overall outage of the network. The mentioned
trends could be explained as below:
• The increased λ2 causes the probability of the user
to associate with the picocell to be higher than the
probability of the user to associate with the macrocell as
in (4). This implies that with the increase in λ2, the users
associated to the macrocell will be few, and the only ones
which are in much close proximity to the macrocell BS
as per cell association criterion, thereby receiving high
signal power which ultimately results in the less outage
in the macrocell.
• With the increase of λ2 the users will be more closer
to the associated picocell BS, thereby receiving high
signal power which ultimately results in less outage in
the picocell.
• Adding picocell BSs increases the interference and de-
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Fig. 4. Uplink Outage Probability in a two-tier HCN with parameters `1 =
3.8, `2 = 3.5 and Rs = 0.5 nats/s/Hz
creases the macrocell association probability, therefore
the overall outage probability is not strongly affected by
the increased λ2.
On the other hand, increasing the BS transmit power in
either tier results in the less outage in its own tier, in contrast
to the more outage in the other tier. This can be explained
by (2), the increased transmit power implies greater signal
strength at its associated user causing high SINRDLk , which
in turn results into the less outage. Contrarily, the increased
transmit power results in greater interference at the other tier’s
user causing low SINRDLk , which in turn results into the more
outage.
Fig. 4 plots the UL outage probability versus the picocell
BS density λ2 for various transmit powers at each tier’s BSs.
The UL outage probability follows the same trends as the DL
and can be explained in the similar fashion with an exception
as explained below.
• With increase in λ2, the UL outage probability of a
typical macrocell BS decreases uptill a certain λ2, after
which it increases due to the increased interference. The
increased interference results from the fact that with the
large number of picocell BSs, the users harvest greater
energy as shown in Fig. 2, and transmit with higher power
in the UL.
VI. CONCLUSIONS
In this paper, we have presented a tractable model for
SWIPT in HCNs, where the mobile user harvests energy
and decodes information in the DL and uses that harvested
energy for UL information transmission. Relying on stochastic
geometry, we derive the exact analytical expressions for the
DL average received power, the DL outage probability and
the UL outage probability of the proposed system. We have
shown that SWIPT can be an efficient technique to power
the users in HCNs towards energy and spectrum efficient 5G
wireless communication system. Furthermore, we have shown
the improvement in the network performance with the increase
of the picocell BS density and the BS transmit power of each
tier. Future work will include the analysis for a battery free
user along with the optimization of the network parameters
for improved network performance.
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